The reproducibility of duplex scan measures of carotid atherosclerosis was evaluated as part of a study assessing the prevalence of carotid disease in elderly adults.
W hen conducting a clinical study of carotid atherosclerosis using duplex scanning, the vast amount of information obtained from the scan must be summarized into relevant measures of carotid disease. These measures are subject to variation from many sources; therefore, the demonstration of their reproducibility is crucial. This paper presents an analysis of the variation in measurement found in the duplex scanning protocol used in a study designed to evaluate the prevalence of carotid atherosclerosis in elderly adults.
Duplex scanning combines real-time B-mode ultrasound with Doppler ultrasound to create a system capable of both imaging of vessels and analysis of blood flow characteristics. Information from the Doppler component of the duplex scan can be used to determine the degree to which atherosclerotic plaque causes changes in blood flow and thus is a measure of the clinical importance or "severity" of the plaque. As a plaque progressively narrows the lumen of a vessel, the velocity of blood flow at that site must increase if a constant flow volume is to be maintained. There is considerable intersubject variation in blood flow velocity readings; therefore, the ratio of the internal carotid artery (ICA) blood flow velocity to the common carotid artery (CCA) blood flow velocity (ICA/CCA ratio) is often used as a measure of disease. 1 -3 This ratio standardizes the ICA measurement so that patients can be compared.
Images generated from the B-mode component of the duplex scan are valuable in assessing a wider spectrum of carotid atherosclerosis, including minimal to moderate disease that has not yet caused changes in blood flow. This information can thus be used to assess the overall burden of atherosclerotic plaque or "extent" of disease.
Subjects and Methods
The duplex scan protocol described here was developed for use in a study ancillary to the Systolic Hypertension in the Elderly Program (SHEP). The study was designed to estimate the prevalence of carotid atherosclerosis in participants of SHEP at the University of Pittsburgh and in a group of normotensive control subjects. Participants underwent duplex scanning at the Peripheral Vascular Diagnostic Laboratory located in Montefiore University Hospital, Pittsburgh, Pa. Scans were performed using a Diasonics DRF 400 duplex scanner (Milpitas, Calif.) with a 10-MHz imaging probe and 4.5-MHz Doppler. The sonographer measured peak blood flow velocity at the mid-CCA (2 cm proximal to the beginning of the carotid bulb) and in the ICA at the point of highest velocity distal to the flow divider. If the mid-CCA measurement was abnormal, the sonographer took readings proximal and distal to this point. The lowest reading obtained was then used. The ICA/CCA ratio was used as a measure of disease severity.
Scans were recorded on videotape and scored by a reader. The carotid system was divided into seven segments (Figure 1) , and for each segment the degree of plaque was graded using the following criteria: grade 0, no observable plaque; grade 1, one small plaque (<30% of the vessel diameter); grade 2, one medium plaque (30-50% of the vessel diameter) or multiple small plaques; and grade 3, one large plaque (>50% of the vessel diameter) or multiple plaques with at least one medium plaque. The grades were then summed to create a variable called the plaque index, which was used as a measure of the extent of atherosclerosis.
To evaluate the reproducibility of the ICA/CCA ratio and the plaque index, 30 participants were selected at random to undergo a repeat scan on one side by a second sonographer. Because the hypertensive participants had a higher prevalence of carotid disease than the normotensive participants, the selection process was weighted to include more hypertensive than normotensive subjects so that a sample with a sufficient range of carotid disease severity was obtained. For each of the 30 patients, two scans were produced, one from each sonographer. Each of the 60 scans was then scored by two different readers, resulting in 120 records for analysis. Measurement variation due to the sonographer was assessed by comparing records for which the reader was the same but the sonographers differed. Variation due to the reader was assessed by comparing records for which the sonographer was the same but the readers differed. Finally, the combined variation due to both sonographer and reader was assessed by comparing records for which both the sonographer and the reader differed.
Both the sonographers and the readers were unaware of the blood pressure status of the participants. In addition, sonographer 1 was unaware of which participants would have a repeat scan for the study of reproducibility, and sonographer 2 was blinded to the results of sonographer 1. Readers A and B scored the scans separately and were unaware of the other's results. Readings of videotapes of the same patient were separated by 4-week intervals to ensure that the reader would not recognize patient 'Perfect agreement=84%, agreement within one grade=99%, K=0.67. tPerfect agreement=78%, agreement within one grade=98%, K=0.56. Perfect agreement=77%, agreement within one grade=97%, K=0.53.
anatomy and thus identify the videotape as one previously read. Reproducibility of the ICA/CCA ratio and the plaque index (both continuous variables) was evaluated by calculating Pearson and intraclass correlation coefficients. The Pearson correlation coefficient is a measure of the linear relation between two readings, with a high value indicating a strong linear relation. While a linear relation is necessary for reliability, it is not sufficient. For example, if reader A consistently reads twice as high as reader B, there would be a strong linear relation but reproducibility would be poor. To appropriately address this problem, the intraclass correlation coefficient was calculated to determine the portion of measurement variability that could be explained by differences between subjects. 4 A high value indicates that the majority of variation comes from intersubject differences and little from error in measurement.
The reproducibility of plaque grade (a categorical variable with levels of 0,1, 2, or 3) was assessed using the K statistic, a measure of the agreement that occurs over and above chance. Values from 0.00 to 0.20 are generally interpreted as representing slight agreement, those from 0.21 to 0.40 as representing fair agreement, those from 0.41 to 0.60 as representing moderate agreement, and those above 0.60 as representing substantial agreement. 5 
Results
The 30 carotid systems chosen to study reproducibility represent a range of carotid disease. In three arteries (10%) no areas of plaque could be identified. When disease was present, it was most often found in the carotid bulb or the first centimeter of the ICA and most often received a plaque grade of 1 (Table  1) . When the B-mode image was not of sufficient quality for accurate assessment, the plaque grade was A plaque grade was assigned for each segment, so reproducibility of this variable was evaluated using segment as the unit of analysis (Table 2) . Reader agreement was assessed by comparing the plaque grades assigned when the sonographer was the same but the readers differed. Sixty comparisons were available, 30 from sonographer 1 and 30 from sonographer 2. A total of 420 comparisons were possible (seven segments times 60 scans); however, because reproducibility could be assessed only for segments for which both readers agreed that the B-mode image was adequate, only 358 segments were analyzed. Readers had perfect agreement in 83.5% of the segments, corresponding to a K of 0.67. The analysis was then repeated, comparing the plaque grades assigned when the reader was the same but the sonographers differed. Of 352 segments, perfect agreement was obtained in 77.8%, corresponding to a K of 0.56. Finally, the results were compared when both the reader and the sonographer differed. Of 354 segments, perfect agreement was obtained in 76.8%, corresponding to a K of 0.53.
When disagreements occurred, they were most often within one grade (87.8%). The most common disagreement was between no disease (grade 0) and little disease (grade 1) ( Table 3) .
The reproducibility of plaque grade varied by segment (Table 4) . When the sonographer was the same but the readers differed, K reflected substantial agreement for the CCA, bulb, and first centimeter of the ICA (0.60-0.68) but only fair to moderate agreement for the second centimeter of the ICA and the external carotid artery (0.34 and 0.54, respectively). When the reader was the same but the sonographers differed, K reflected moderate to substantial agreement for the CCA and bulb (0.49-0.68) but only fair agreement for the ICA and external carotid artery (0.32 and 0.39, respectively). When both the reader and the sonographer differed, K also reflected moderate to substantial agreement for the CCA and bulb (0.50-0.68) but only fair agreement for the ICA and external carotid artery (0.24-0.38).
Initially, the plaque index was defined as the sum of plaque grades from all seven segments. Because of the high prevalence of missing data in the distal segments, this definition was revised to include plaque grades from the CCA, bulb, and first centimeter of the ICA only. For the 30 carotid systems chosen to study reproducibility, the mean plaque index was 2.3 with a range of 0-7 ( Figure 2 ). Both Pearson and intraclass correlation coefficients were high for this variable, even when both the sonographer and reader differed (0.82 and 0.86, respectively; Table 5 ). Blood flow velocity measurements are subject to variability due to the sonographer only. Pearson and intraclass correlation coefficients were high for the CCA and ICA readings as well as for the ICA/CCA ratio (Table 6 ).
Discussion
Data obtained from a duplex scan can be processed in numerous ways. The measure of carotid disease chosen depends on the goal of the test. From a clinical perspective, one is usually interested in the severity of disease rather than the extent. The Doppler component of the scan is best suited to measure disease severity because it directly measures the effect of carotid disease on blood flow. For this reason, some authors have concentrated on developing techniques to quantify carotid disease based primarily on analysis of the Doppler spectrum. 67 The ICA/CCA ratio obtained with the protocol described here was found to be highly reproducible. This ratio indicates the degree to which carotid disease causes changes in blood flow, allowing us to describe our population in terms of disease that has clinical importance.
Assessing the reproducibility of the B-mode component of the scanning protocol was much more difficult because variation can come from both the sonographer and the reader. Assessing the variability of only one may underestimate the true error. We found that most of the variation in measurement is due to the sonographer and relatively little to the reader. This reflects the complexity of performing a high-quality scan and underscores the necessity for extensive training and experience of the sonographer.
While reproducibility of the plaque index was high, reproducibility of the plaque grade within a segment was lower. This is consistent with the findings of other groups. 8 Some of the variability is due to the decision on the location of the plaque. If a lesion is close to a segment border or crosses it, then both readers may agree that the lesion exists, but they may score it as occurring in different segments. This type of disagreement does not affect the plaque index because it is independent of the location of disease.
Other groups have also reported that reproducibility decreases as one moves higher in the carotid system. 9 The position of the bulb and ICA with respect to the skin surface results in a less optimal angle of insonation than in the CCA and thus a lower-quality image. In addition, complicated lesions with acoustic shadows are more often found in the bulb and ICA. Because this fact has been recognized, research by at least one group has restricted duplex scanning to the CCA alone. 10 While it is possible that the extent of disease low in the carotid system may serve as an accurate surrogate for disease higher in the system, the most efficient method of summarizing the extent of carotid disease remains unknown.
In investigations of the etiology of carotid disease, it has been found that a measure of the extent of disease such as the plaque index correlates better with risk factors than a measure of the severity of disease. 811 This may be because measures of disease extent obtained from the B-mode component of the duplex system include a wide spectrum of disease from minimal to severe. Thus, studies of the epidemiology of carotid disease frequently concentrate on the B-mode component of the duplex system. Measurement techniques using B-mode ultrasound are still evolving. In vitro studies of human carotid artery specimens have shown that the intimal-medial thickness can be measured accurately using B-mode ultrasound. 12 Such measures have also been found to be highly reproducible. 13 This has resulted in the ability to observe the progression of carotid disease over time and the initiation of studies that use progression of carotid atherosclerosis as an outcome measure. 91415 Reproducibility is particularly important for such studies because if the precision of the technique is poor, then evidence of disease progression could easily be lost in measurement error. Such measurements require high-quality B-mode images; therefore, missing information can result when arteries are tortuous or contain mineralization with resulting acoustic shadows.
14 Missing data due to anatomic variation are probably random; however, missing data related to disease severity are not random because the B-mode image deteriorates as severity worsens. Results could therefore be biased if the population under study has a high prevalence of advanced disease. A score such as our plaque index is more subjective, but information can be obtained in more than 90% of study participants even when the prevalence of complicated lesions is high. Studies are currently under way to determine whether this protocol is useful in assessing carotid disease progression over time.
In summary, the duplex scan protocol described here provides two primary measures of carotid disease, the plaque index (a measure of disease extent) and the ICA/CCA ratio (a measure of disease severity). Both measures were found to be highly reproducible. This duplex scan protocol is thus a reliable method for the measurement of carotid atherosclerosis in cross-sectional studies.
